Cisplatin-based chemotherapy often results in the development of chemo-resistance when used to treat bladder cancer (BC), which is difficult to overcome. Recent data indicate that pyruvate kinase M2 (PKM2), a glycolytic enzyme for Warburg effect, is strongly upregulated in BC, and contributes to the cisplatin resistance in BC. However, the underlying mechanisms remain unclear. In this study, we also found that the expression level of PKM2 is also higher in cisplatin resistant BC cells and tumors. Down-regulation of PKM2 by siRNA or inhibition of PKM2 by shikonin re-sensitized the cisplatin resistant T24 cells. Shikonin and cisplatin together exhibit significantly greater killing effects than when used alone. Interestingly, we found shikonin kills the T24 cisplatin resistant cells by inducing necroptosis, as the cell death could not inhibited by apoptosis inhibitor, z-VAD, but compromised by RIP3 inhibitor, GSK872, or RIP3 siRNA. In contrast, shikonin induced apoptosis in T24 parental cells. We further investigate the underlying mechanism, and found that the dysregulation of Bcl-2 family proteins, including Bcl-2, PUMA, Bax, play an important role in deciding that shikonin kills the BC cells by necroptosis or apoptosis. Collectively, our results suggested that inducing necroptosis is an alternative way to overcome the apoptosis resistant in BC therapy, and orchestrating the regulation of Bcl-2, PUMA, and Bax in BC cisplatin resistant cells may improve the therapy effect of cisplatin in BC tumor.
Introduction
Bladder cancer (BC) or urothelial carcinoma of the bladder is one of the leading prevalent cancer in men, and the expense for the therapy is higher [1] . While the diagnosis and treatment of low grade BC is generally favorable [2] , advanced BC is one of the most aggressive cancers with high morbidity and mortality [3] . Currently, cisplatin is the major chemotherapy drug for advanced BC, which can be used as neoadjuvant therapy combined with radical cystectomy, or as a single agent or key component for metastatic BC [4, 5] . However, a large amount of BC patients encounter preexisting chemo-resistance, which limit the therapy effect of cisplatin [6] . Those patients with drug resistance usually have initial response to cisplatin treatment, but eventually develop resistance in the final stage, resulting in treatment failure and disease progression [7] . Therefore, there is a pressing need to explore additional avenues to more effectively treat advanced BC as a whole, which is very important to predict treatment outcome and develop effective chemotherapeutic agents.
Recently, several studies reported that pyruvate kinase isozyme M2 (PKM2) is highly expressed in human cancers, including bladder cancer [8] [9] [10] , and contributes to chemo-resistance [10, 11] . Aerobic glycolysis commonly exist in most of cancer cells, which allow them to produce energy followed by lactic acid fermentation even in the presence of oxygen, known as the "Warburg effect" [12] . Thus,
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International Publisher glycolysis, the major pathway for energy generation, is vital for the proliferation and survival of cancer cells [13, 14] . Although it is not completely understood why cancer cells shift energy production from Krebs cycle to glycolysis, it is believed that PKM2 has important roles in this shift [15, 16] . PKM2 has been shown to have an important role in cancer cell metabolism and growth, because inhibition of PKM2 by peptide aptamer inhibited cell growth [16] , and PKM2 knockdown by siRNA or displacement of PKM2 with PKM1 significantly reduced the ability of human cancer cell lines to form tumor in nude mice [17] . As PKM2 is necessary for cancer cells' aerobic glycolysis, which is a hallmark of cancer metabolism and the major energy source essential for cancer cell growth and survival, PKM2 is a potential molecular target for disrupting glucose metabolism in cancer cells.
Since PKM2 plays an important role in cancer metabolism, it could potentially serve as a drug target for cancer therapy. Recently, shikonin, a major active chemical component extracted from lithospermum erythrorhizon, was identified as a novel inhibitor of tumor PKM2 and prevent cancer cell glycolysis [18] . In the last four decades, shikonin and its derivatives have been investigated as potential anticancer drugs for various aspects of cancer treatment [15, 18, 19] . Moreover, a clinical study indicated that shikonin was effective in treating later-stage lung cancer patients [20] . Shikonin was reported to inhibit the tumor growth by inducing apoptotic cell death in a variety of cancers [21] [22] [23] . In apoptosis resistant cells, it triggered necroptosis that contributed to overcome Bcl-2-and Bcl-XL-mediated apoptotic resistance [24] . It was previous reported that inhibition of PKM2 by shikonin could overcome the cisplatin-resistance in bladder cancer, but without clear mechanism [10] . In current study, we further confirmed that depletion or inhibition of PKM2 by its siRNA or shikonin re-sensitized the cisplatin resistant BC cells. Mechanically, we found that shikonin treatment kills the cisplatin resistant BC cells via necroptosis, which is modulated by Bcl-2 family proteins, including PUMA, Bcl-2, and Bax. Our results provide a further insight into the role of PKM2 in the bladder cancer chemoresistance and the implication of shikonin, which might be developed as new therapy strategy to overcome drug resistance in bladder cancer.
Materials and Methods

Cell Lines, Reagents, and Treatment
The bladder cancer cells, T24 and SW870 cell line, were purchased from American Type Culture Collection (ATCC; Manassas, VA). The cells were cultured in Dulbecco's modified Eagle's medium (Gibco, Carlsbad, CA, USA) supplemented with 10% v/v fetal bovine serum (Gibco) and antibiotics (100 U/ml penicillin and 100 mg/ml streptomycin) in a humidified 5% CO 2 atmosphere at 37.8°C (Thermo). The establishment of cisplatin-resistant bladder cancer cell line was developed by cisplatin concentration gradient progressive increase induction method as previous described [7] . For cell culture, the levels of mycoplasma were routinely (once every three months) assessed in these cells using a MycoAlert Mycoplasma Detection Kit purchased from Lonza (Rockland, ME), and the results were negative.
Shikonin, purchased from ChromaDex (ASB-00019210-005), was dissolved in dimethyl sulfoxide (DMSO, Sigma, St. Louis, MO). Cisplatin was from Sigma-Aldrich (479306, Shanghai, China), and diluted in 0.9 % NaCl. The cell-permeant pan caspase inhibitor of apoptosis, Z-VAD (627610), MLKL inhibitor, Necrosulfonamide (NSA, 5025), and RIP3 inhibitor, GSK-872 (480073), were purchased from EMD Millipore company (Bedford, MA, USA), and dissolved in DMSO before used.
Clinical Specimens
Human bladder cancer tissues were collected from 14 patients with bladder cancer in First Hospital of Jilin University (Changchun, China) who signed the written informed consents before therapy and surgery. These patients received cisplatin-based chemotherapy, and had an age range of 50-79 years and a median age of 60 years. The patient were divided into two group (7 in each group) based on their therapy outcomes. The patients received cisplatin treatment with relapse were considered as cisplatin resistant patients. Patient anonymity was also preserved. All specimens had a confirmed pathological diagnosis and were classified according to World Health Organization (WHO) criteria.
Western Blot Analysis
Cells were collected and lysed using a mammalian protein extraction reagent containing a protease inhibitor cocktail. After centrifugation at 17 000 g for 15 min, the protein content in the supernatant was determined using the BCA protein assay kit (Bio-Rad, Shanghai, China). Whole Cell Lysate was used for the assay. Antibodies against pyruvate kinase M2 (PKM2), PUMA (ab9643), RIP3 (ab56164), p-RIP3 (S227, ab209384), p-MLKL (S358, ab187091), Bax (ab32503), Bcl-2 (ab32124), Bid (ab32060), Bcl-XL (ab32370) were purchased from Abcam (Cambridge, MA, USA), antibodies against β-Actin (sc-47778) were purchased from Santa Cruz Biotechnology (Santa Cruz, CA, USA).
MTS assay and ATP assay
After different concentrations of drugs treatment, 20 μL MTS (Promega) was added to each well. The absorbance at 490 nm was recorded on a Varioskan Flash Multiplate Reader (Thermo Scientific) after incubation for 3 hours at 37°C. The ATP level of cell was determined by CellTiter-Glo Luminescent cell viability assay (Promega). Assays were performed in triplicate and repeated three times.
Apoptosis Analysis
After treatment, adherent and floating cells were harvested and resuspended with PBS solution containing 3.7 % formaldehyde, 0.5 % Nonidet P-40, and 10 ug/ml Hoechst 33258 (Invitrogen). Apoptosis was assessed through microscopic visualization of condensed chromatin and micronucleation as described [25] . The caspase-3/7 activity assay was determined using Caspase-Glo 3/7 assay system as described by manufacturer (G8090, Promega).
Plasmid and siRNA Transfection
The T24 human BC cell line was chosen for the knockdown of mRNA encoding PKM2 (143814), Bcl-2 (214532), and PUMA (134322) using specific siRNAs from Thermo Fisher Scientific. Non-specific, scrambled siRNA from Sigma was used as a negative control. The pCEP4-HA-Bax (#16587) plasmid was purchase from Addgene. The control plasmid pCEP4 (V04450) was purchase from Thermofisher Scientific. The transfection was conducted by lipofetamin 2000 according to the manufacturer's instruction.
PKM Activity Assay
PKM activities were analyzed using the lactate dehydrogenase (LDH)-coupled assay as described previously [26] . The following reagents in a final volume of 400 μl (10 mmol/L Tris-acetate, pH 7.5; 10 mmol/L MgCl 2 ; 50 mmol/L KCl; 2 mmol/L ADP; 10 mmol/L phosphoenolpyruvate; 4.4 units of LDH; and 0.12 mmmol/L NADH) was used as standard assay mixture. The reaction was started by adding 5 μl of Whole Cell Lysate and 4 μl of 5′-AMP brings PKM2 to its maximal velocity. The baseline was measured without the addition of phosphoenolpyruvate and 5′-AMP.
Statistical Analysis
Two-way ANOVA was used for multi-group comparisons. The PKM2 activity data in human skin tissue were analyzed using the Student's t-test. All of the experiments have been repeated at least three times. Data were reported as mean ± standard error (SEM). P < 0.05 was considered significant.
Results
PKM2 is Upregulated in Human bladder Cancer Tissue Samples with cisplatin resistance
We first detected the activity and expression levels of PKM2 in human bladder cancer frozen tissue samples. Seven patients sample and seven samples from patient resistant to cisplatin therapy have been obtained. As shown in Fig. 1A , the total PKM2 activity was increased by about 3-folds in cisplatin resistance patient tumor samples than normal tissues. And the protein and mRNA expression levels of PKM2 were higher in almost all of the cisplatin resistant tumor samples than normal control (Fig. 1B, C) . Furthermore, we normalized the PKM2 activity to its proteins expression level, and found that the relative PKM2 activity is also significantly higher in the cisplatin resistant patients (Fig. 1D) . These results suggest that PKM2 could play an important role on human BC resistant to cisplatin treatment. 
The expression level of PKM2 is also higher in the bladder cancer cells resistant to cisplatin treatment
To further confirm the regulation of PKM2 in cisplatin resistant bladder tumor, we generated two bladder cancer cell lines with resistance to cisplatin treatment. The T24 and SW780 cisplatin resistant cells were insensitive to the different doses of cisplatin when compared with their parental cells (Fig. 2A) . The IC50 values of cisplatin in T24 and SW780 resistant cells are significantly higher than that in parental cells (Fig. 2A) . Since apoptosis is an important cell death caused by cisplatin, we also analyzed the apoptosis in T24 and SW780 parental (P) and resistant (R) cells in response to cisplatin treatment. Consistently, cisplatin treatment barely induced apoptosis or caspase-3/7 activation in the T24R or SW780R cells (Fig. 2B, C) . We further analyzed the PKM2 expression in the T24 and SW780 parental and resistant cells, and found that the expression level of PKM2 was also much higher than the parental cells (Fig. 2D) . Collectively, our results suggested that PKM2 is induced in the cisplatin resistant bladder cancer in vitro.
Depletion of PKM2 re-sensitized the resistant cells to cisplatin treatment
Since PKM2 is highly expressed in human bladder tumor samples, we further studied if shikonin, a specific inhibitor of PKM2, can re-sensitize cisplatin resistant cell to drug treatment. We found that shikonin treatment of T24R cells significant reduced the PKM2 kinase activity (Fig. 3A) , but did not change the expression of PKM2 (Fig. 3B) , which further confirm that shikonin is the specific inhibitor of PKM2. Inhibition of PKM2 by shikonin alone triggered more cell death in T24R cells, compared with cisplatin treatment alone (Fig. 3C) . Furthermore the combination treatment of shikonin and cisplatin induced higher percentage of cell death in T24R cells (Fig. 3C) , suggested that inhibition of PKM2 by shikonin enhanced the killing effect of cisplatin. However, shikonin alone or in combined with cisplatin did not significantly or merely increased the apoptotic cell death in T24R cells (Fig. 3D) , suggesting that shikonin might re-sensitized the T24R to cisplatin via other form of cell death. The treatment of shikonin also lead to drop of ATP level in T24 resistant cells (Fig. 3E) , further suggested the non-apoptotic cell death induced by shikonin. To further confirm the effects of PKM2, We depleted PKM2 by siRNA in cisplatin resistant T24 cells, and found that absence of PKM2 resensitized the resistant cells to cisplatin treatment (Fig. 3F, G) . Therefore, our result suggested inhibition of PKM2 re-sensitized the cisplatin resistant cells by non-apoptotic cell death.
Shikonin kills bladder cancer resistant cells by inducing necroptosis
As shikonin treatment alone or in combination with cisplatin actually killed the T24R cells, but did not significantly induced more apoptosis, we further investigated the underlying mechanism. It was reported that shikonin could induce necroptosis in various cancer cells [27, 28] , we hypothesized that shikonin triggered necroptosis in T24R cells. As predicted, shikonin treatment alone or in combined with cisplatin led to phosphorylation of RIP3 in T24R cells, but did not change the expression level of RIP3 (Fig. 4A) . Furthermore, pretreatment of RIP3 inhibitor (GSK872) or MLKL inhibitor (necrosulfonamide, NSA) suppressed the cell death caused by shikonin treatment or its combination with cisplatin (Fig. 4B) . However, pretreatment of z-VAD, the apoptosis inhibitor, did not affected the cell death caused by shikonin or its combination with cisplatin (Fig. 4C) . Furthermore, knockdown of RIP3 by siRNA has the similar effect with GSK872, which also suppressed the cell death, and phosphorylation of RIP3 induced by shikonin or its combination with cisplatin (Fig. 4D,E) . Similarly, shikonin also sensitized the T24 parental cells to cisplatin treatment by triggering more apoptosis (Fig. 4F, G) . Collectively, our results suggested that shikonin resensitized the cisplatin resistant bladder cancer cells by inducing necroptosis instead of apoptosis.
Dysregulation of PUMA contributes to shikonin induced necroptosis in cisplatin resistant cells
It would be interesting to study the reason why shikonin induced necroptosis in cisplatin resistant cells, but apoptosis in parental cells. As Bcl-2 family proteins play an important role in both apoptosis and necroptosis [29] [30] [31] , we firstly study the regulation of several important Bcl-2 family proteins. We found that PUMA and Bax were induced by cisplatin treatment in T24 parental cells, but blunted in the T24 resistant cells (Fig. 5A) . In contrast, the expression of Bcl-2 in T24 parental cells was suppressed by cisplatin treatment, but was increased in T24 resistant cells, and did not significant change upon cisplatin treatment (Fig. 5A) . However, shikonin treatment in T24R cells only re-activated the induction of PUMA, but did not change the expression of Bax or Bcl-2 (Fig. 5B) . Since PUMA was recently reported to engage into RIP3 dependent necroptosis [29] , we therefore test its role in shikonin induced necroptosis. We found that depletion of PUMA by siRNA abrogated the phosphorylation of RIP3 (Fig. 5C) , and cell death caused by shikonin or its combination with cisplatin in T24R cells (Fig. 5D, E) . However, absence of PUMA did not significantly change the apoptosis in T24R cells treated with cisplatin and/or shikonin (Fig.  5F ). Therefore, our results suggested that PUMA mediated the necroptosis caused by shikonin in the T24 resistant cells. 
Bcl-2 and Bax dysregulation decides PUMA induce apoptosis or necroptosis
Since PUMA induction can also promote apoptosis, we further studied why the induction of PUMA trigger T24R cells necroptosis but not apoptosis. As Bcl-2 and Bax was dysregulation in T24R cell in response to cisplatin treatment, but did not change in response to shikonin treatment alone or in combination with cisplatin (Fig. 5A,B) , we hypothesized that Bcl-2 and Bax might also play an important role in shikonin induced necroptosis in T24R cells. As predicted, knockdown of Bcl-2 expression in T24R cells suppressed the phosphorylation of RIP3, but increased the activation of caspase-3 (Fig. 6A) .Although absence of Bcl-2 did not sensitize the T24R cells to cisplatin and/or shikonin treatment (Fig. 6B) , it increased the apoptosis (Fig.  6C) , which compensated the loss of necroptosis induced by cisplatin and/or shikonin. Similarly, enhanced expression of Bax also suppressed the phosphorylation of RIP3, and increased activation of caspase-3 (Fig. 6D) . Besides, increased expression of Bax did not enhance the killing effects of shikonin and/or cisplatin in T24R cells (Fig. 6E) , but induced more apoptosis in response to drug treatment (Fig.  6F) . Therefore, our result suggested that Bcl-2 and Bax mediated PUMA induced necroptosis in response to shikonin treatment in cisplatin resistant bladder cancer cells.
Discussion
In summary, we found in this study that PKM2 was upregulated in cisplatin resistant bladder cancer cells and tumors. The induction of PKM2 contributes to the cisplatin resistant in BC. Depletion or inhibition of PKM2 re-sensitized the BC cells to cisplatin treatment. As to the mechanism, inhibition of PKM2 by shikonin re-sensitized the BC resistant cells by inducing necroptosis. Furthermore, we also found the dysregulation of Bcl-2 family proteins decides whether shikonin kill the BC cells via necroptosis or apoptosis. In human bladder cancer tissue samples, our results indicate that PKM2 is upregulated, making PKM2 a potential anti-cancer target. PKM2 can exist in either active protein kinase (dimer) or pyruvate kinase (tetramer) [32] , the dual kinase activity can connect metabolism switch and gene regulation during tumor transformation and progression. Upregulation of PKM2 is commonly found in many human cancers, including retinal cancer, ovarian cancer, breast cancer, and lung cancer [33] . It was also reported that transgenic mice expressing a constitutively activated HRAS have marked higher expression of PKM2 during the initiation of low-grade non-invasive bladder tumors, and high expression level of PKM2 contribute to cisplatin resistance in BC [10, 33] . In the current study, the expression of PKM2 was also examined in BC tissues, as well as cisplatin resistant BC cell lines. Consistent with previous studies, our result further suggested that PKM2 expression contributes to the cisplatin resistance in BC, which further confirmed the oncogene role of PKM2. Besides, we also extended the investigation on the effect of PKM2 inhibition by its specific inhibitor, shikonin. Shikonin, a natural product isolated from the dried root of lithospermum erythrorhizon, is a newly identified specific inhibitor of PKM2 activity [18] . In previous reports, it was that shikonin could circumvent drug-transporter and apoptotic defect-mediated drug resistance by inducing necroptosis [24] . In our study, we also found that the cell death in cisplatin resistant BC cells induced by shikonin was accompanied with a sharp reduction of cellular ATP, and phosphorylation of RIP3, which are important marker for necroptosis [29, 34] . As PKM2 is essential for maintaining the homeostasis of cellular energy for cancer cells [15, 17] , its inhibition by shikonin leads to energy shut-off in cancer cells, and results in necroptosis. Necroptosis regulated by RIP3 has been established as a new type of programmed cell death and could be induced in various cancer cells [35, 36] . Consistent with previous reports [24, 37] , RIP3 were found to be activated by shikonin in cisplatin resistant BC cells, which indicated that necroptosis is an alternative way to kill apoptosis resistant BC cells.
The clinical cancer drug resistance was usually relevant to dysregulation Bcl-2 family members. In our study, we also found that stabilization of Bcl-2 and suppression of Bax and PUMA contribute to the cisplatin resistant in BC cells. However, shikonininduced cell death is not inhibited by overexpression of Bcl-2 or suppression of Bax, since shikonin induces a dominant necroptotic death, which is a separate death pathway from apoptosis [24] . Interestingly, the necroptosis induced by shikonin is modulated by PUMA induction. PUMA, also known as Bcl-2-binding component 3 (BBC3), is originally found to be pro-apoptotic protein [38] . Other than apoptosis, more and more studies showed that PUMA is also involved in several necroptosis related diseases, such as inflammation bowl disease, ischemia reperfusion [39, 40] . Recently, PUMA was also reported to modulated RIP3 phosphorylation by targeting mitochondria dysfunction in TNFα induced necroptosis [29] . However, the specific function of PUMA related necroptosis in cancer therapy is still unclear. In our study, we firstly reported that induction of PUMA by shikonin can overcome the cisplatin resistance in BC cells, and kill BC cells by necroptosis. Furthermore, our study also illustrated that the function of PUMA in shikonin induced necroptosis is also modulated by Bcl-2 and Bax, as depletion of Bcl-2 or enhanced expression of Bax in cisplatin resistant cells reverted the cell death from necroptosis into apoptosis.
Therefore, our studies demonstrate that shikonin, as a specific PKM2 inhibitor, suppresses PKM2 activity in cisplatin resistant BC cells. Inhibition of PKM2 reduced the cisplatin resistance in BC cells. Moreover, our study also revealed that necroptosis induced by shikonin is an alternative method to conquer the drug resistance in BC therapy.
